The ultrathin transition metal dichalcogenides (TMDs) have emerged as promising materials for various applications using two dimensional (2D) semiconductors. They have attracted increasing attention due to their unique optical properties originate from neutral and charged excitons. Here, we report negatively charged exciton formation in monolayer TMDs, notably tungsten disulfide WS2. Our theory is based on an effective mass model of neutral and charged excitons, parameterized by ab-initio calculations.
discussion, especially for monolayer WS2 where the binding energy of the exciton or/and trion is still controversial. [14] [15] [16] 19 In comparison with the 2D standard semiconductor quantum wells 32, 33 where the trion binding energy is only a few meV,
TMDs are characterized by a large magnitude of trion binding energy, which has never been observed except for monolayer phosphorene. 34 Besides, the stability of excitons and trions in monolayer TMDs has been observed even at room temperature 20, 35 in contrast to the black phosphorus that suffers of rapid oxidation in ambient conditions.
36
The difference between monolayer tungsten and molybdenum dichalcogenides is the size of the spin-orbit splitting due to the difference size of the transition metal atom. Therefore, spin-orbit splitting between the A and B excitons is approximately 400 meV for both WS2 and WSe2. 37 These excitons labeled A and B, correspond to the lowest energy exciton states originated from transitions from the two highest energy spin orbit split-off valence bands to the lowest energy conduction bands around the K (K') point in the Brillouin zone. Moreover, the electronic transitions in the WS2 samples present tight spectral features, authorizing identification and analysis of the excited states and the possibility of the comparison with theoretical results. 30 In this paper we will focus only on the A exciton series in monolayer WS2.
Generally, electroluminescence or PL intensity is characterized by excitonic emission when the monolayer is optically pumped. Increasing the carrier density, trion emission becomes important due to the enhancement of trion formation. It follows that the change of the carrier concentration strongly influences optical properties, in particular PL measurement. Large PL intensity was also observed from induced defects 38 which can be created by different mechanisms, like alpha-particle 4 means that defects act as very efficient exciton traps, reduce the electron-hole mobility and therefore create localized states.
In this work, we use a theoretical framework that takes into account the substrate effect caused by the strong dielectric screening, to study exciton and trion binding energies. In the law density limit, we will be interested in trion formation as a function of temperature and injection electrons. Finally, we will show that disorder potential arising from defects strongly affects the exciton states and leading to inhomogeneous broadening of the exciton resonance. To offer the required parameters for the applied theoretical model, we carried out the ab-initio calculations by means of Density Functional Theory (DFT). 44 The optoelectronic response of WS2 monolayer, including the band structure, effective masses of charges carriers, densities of states and dielectric constants, is therefore determined.
II. Ab-INITIO CALCULATIONS: Numerical details and results
Based on self-consistent scheme, the present first principle study consists on solving the Kohn-Sham (KS) equations 45 by using the all electron Full-Potential Linearized
Augmented Wave plus local orbital (FP-LAPW+lo) 46 method as embedded in WIEN2k simulation package. 47 In this approach, the wave functions are expanded as combination of spherical harmonic functions up to = 10 inside the muffin tin (MT) spheres surrounding the atomic site. Whereas in interstitial regions of the unit cell, the plane wave with a cut-off of = 7 is used. and design the muffin-tin radii and the maximum modulus for the reciprocal lattice vectors, respectively. The charge density is Fourier series expanded up to = 12. Values of are selected to ensure the core density confinement in the non-overlapping MT spheres. We have employed the new generalized gradient approximation as presented 5 The optical features are determined in terms of frequency complex dielectric function ( ) = 1 ( ) + 2 ( ), with small wave vector, in the tensor representation. The investigated compound with hexagonal symmetry has two non-zero diagonal components of the dielectric tensor. These components correspond to an electric field perpendicular and parallel to the z-axis, namely, 1 ( 1 ⊥ ) and 1 ( 1 || ). The imaginary dielectric function, or the absorptive part of the dielectric function, is presented as a superposition of direct and indirect transitions. However, the indirect ones, which involve the scattering of phonon, are neglected due to the small contribution to 2 .
Hence, the components of the imaginary 2 are calculated by summing all possible direct interband transitions between the occupied and empty state using the relation given in Ref [52] .The real dielectric function 1 is therefore given by means of the Kramer Kronig transformation. 53 To identify promising materials for optoelectronic, the knowledge of band gap is crucial. Hence, we have calculated the band structure of WS2 monolayer along some high symmetry k-points of the first BZ using the efficient EVGGA approach for exchange-correlation potential treatment. Fig.1a which illustrates the energy bands together with the total densities of states (DOS) spectrum indicates that WS2 monolayer is K-direct gap semiconductor with band gap of 2.24 eV. Our elucidated parameter is compared with the available previous theoretical 54, 55 and measured ones 56 in the Table, and it seems to be in good agreement with the experimental results. 56 This highlights the effect of the used EVGGA which yields a better bands splitting. The electron and hole effective masses (m e , m h ) of WS2 monolayer are evaluated in terms of free electron effective mass m0 and obtained from the conductive and valence band curvature by fitting parabolas at the K point from Figure 1 (a). The calculated component ԑ 1 ⏊ ( ) and ԑ 1 || ( ) versus incident photon energy are illustrated in Figure 1 (b). The plot shows different thresholds peaks. Indeed, the most important ones are the zero frequency limits, i.e. the static dielectric constant 1 ⊥ (0) and the maximum value in the plan xy. However, for our analytical model, we will only focus on the estimated maximum value which is mentioned in the Table.
III. FREE EXCITON AND TRION
To estimate the binding energies and the oscillator strength of the exciton and trion states in monolayer WS2, we use 2D effective-mass approximation based on our first principle calculations. It is convenient to work in the center-of-mass frame, the physics of exciton is described by the following Hamiltonian Table) is the WS2 relative dielectric constant and = 6.7Å is the effective width of the WS2 layer. The free motion of the center of mass is characterized by the Hamiltonian = − is the center of mass energy.
We report in Figure 2 optically bright in one-photon spectra, but can be analyzed using two-photon excitation spectroscopy. 31 The np states can also be detected via resonances in a second harmonic generation. The 2 and 3 states observed in our results are nearly conform to experimental observations. 31 This implies that the screened Coulomb potential in a 2D system given by L.V. Keldysh and plotted in the inset of Figure 2 ). These interaction potential is compared in Figure 2 (b) with the average dielectric constant of the environment varying from 1 to 10. This plot show strong screening by the 2D sheet at short distances and approaching Coulomb interaction at ≤ < . However, in thin films the interaction between charges increases with decreasing thickness d, since for > the field produced by these charges in the environment surrounding the monolayer begins to play a perceptible role. 57 Finally, the large binding energies, non-hydrogenic spectra, and the sensitivity of the exciton binding energies to substrate screening are all found to be a consequence of the broad dispersion of results, that further work is necessary to fully understand these novel quasi-2D materials.
The strong Coulomb interaction in monolayer TMDs leads to the formation of tightly bound trions, which can be seen generally at low temperatures. We adopt the same formalism to investigate the trion binding energy in monolayer WS2. The trion
Hamiltonian in the effective mass approximation with screened interactions is given by:
, 2 refer to the first and the second exciton corresponding to the relative coordinates 1 = 1 − ℎ and 2 = 2 − ℎ .
We notice that the three particles bound state of negatively or positively charged excitons are analogous because electrons and holes in WS2 have nearly the same effective mass. We focus on the study of a spin singlet charged exciton A, related to the fundamental band gap of the material (bound states for triplet trions have not been observed neither in experiment 58 nor in theory. 59 We use relative ( 1 , 2 ) and center of mass = We outline the optical properties of the three-particle bound state of 1s exciton with an additional electron, as shown in the one-photon PL spectra. 16 The oscillator strength is proportional to the probability of finding one of the two electrons and hole ). In order to compare with experimental data, 16 we plot in Figure 3 For the quantification of the relative weight of exciton and trion PL, we apply an equilibrium mass action law between excitons, trions, free electrons and free holes.
This discuss the dependence of the emission on temperature, background electron density and the pumping laser excitation density .The relation between these populations, at a given temperature T, can be estimated as 
By solving these equations, we obtain 3 + 2 + + = 0, where = + − , = ( − ) and = − ( + ). In order to simplify the resolution of the third degree equation, we start by evaluating the order of magnitude of our parameters.
Since the exponential term in Eq. (1.b) decays rapidly to zero due to the large value of exciton binding energy (~260meV) compared to that of trion (~35meV), we, therefore, neglect the free hole density in the system.
In Figure 4 125K dictated by the experiment, 16 we expected to have a much larger pumped density for the higher temperature. The reasonable well agreement of the experimental exciton and trion PL line-shape with our calculations based on the mass-action low leads to the conclusion that for each temperature we can know approximately the value of the background electron and pumping densities. Since, the trion formation can be modulated by controlling the carrier density and temperature.
Recently, due to the quality of samples, doping and measurement conditions, the studies on trion and exciton dynamics [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] have shown considerable discrepancy in the interpretation of the experimental results. Its signature is a large band appearing a few meV below the trion and exciton emission at low temperature. In the follow, we assigned this band as localized states due to the trap of free exciton in a disordered potential.
IV-LOCALIZED EXCITONS
In recent years, defect-derived excitonic states have received considerable attention for their potential applications in single-photon emitters. 71, 72 Points defects can trap free charge carriers and create localize states as it is reported by some groups. 17,67,73,74 At low temperature, excitation power dependence measurements proved the existence of multiple emission peaks in monolayer TMDs flakes. 43, 74 In WSe2, localized exciton that has been investigated through single photon emission experiments, 71 is red-shifted tens of meV below the trion transition. The spectrum shows five pronounced PL peaks, which are observed at 10K. In monolayer WS2 the spectral of excitons bound to defects that were created by plasma treatment, is located at 100 meV below the A-exciton emission peak. 39 On the other hand, monolayer Nbdoped WS2 shows news PL peaks between 1.4-1.6eV below the free exciton which is located at approximately 2eV. 42 These emission peaks located below the free-exciton and trion energies suggests the presence of an effective exciton "mobility edge", i.e., below (above) a certain energy, the center-of-mass motion of the excitons is localized (delocalized). 67 Then, in the presence of defect, the momentum of the center-of-mass motion is no longer a good quantum number as was assumed in the previous model related to the free exciton. Such effects introduce an additional confinement in all directions like the case of a quantum dot potential. However, the exciton in monolayer TMDs behaves as a massive particle subject to a disordered potential, leading to spatially localized eigenstates of the center of mass motion. In order to prove further insight into the behavior of the defects states, we use a theoretical model which allows us to reproduce the multiple emission peaks observed in monolayer tungsten dichalcogenides. As mentioned below, we interest only on the influence of localization on the 1s states. We will suppose that trapping by deep or shallow defect well can localize exciton and create a multiple emission peaks.
In the beginning, we consider that the previous free exciton is trapped in local potential wells that can be modeled simply in the form of a Gaussian well. Due to its continuity and finite depth and range, the Gaussian potential fairly well approximates the real confinement. 75 Taking account the center of mass and relative coordinates, we write the Hamiltonian of the localized states of the exciton as follows:
where
is the Gaussian potential applying separately on the electron and hole respectively. V0 is the height of the potential well and 0 is the range of the confinement potential, which corresponds to a radius of the zero-dimensional WS2 flake. According to the band structure given by DFT calculation, we can get = ℎ for the monolayer WS2 as is seen in Figure 1 for which 0 = 25 . As is seen in this figure, the Gaussian potential reasonably well approximates the confinement of the center of mass exciton motion.
The calculated PL spectrum is illustrated in Figure 6 (b), we respectively refer to free and the localized excitonic states as X and LX. This spectrum is significantly different from the spectral characteristics of pristine WS2 monolayer where only two peaks were observed at 1.95 and 1.98eV. However, the PL intensity of the free exciton X is relatively reduced in the presence of the localized exciton. We assume that this attenuation is attributed to the trap of free neutral excitons into the defect potential.
Additionally, five pronounced PL peaks from WSe2 flak are also shown in the inset.
According to the ref [42, 74] , defect-related localized state transitions is the most likely origin of these peaks. The free exciton in WSe2 monolayer is located at 1.75eV, 43 then the depth of the potential well is taken around 130meV and 0 = 100Å. The band gap and the effective masse of the charge carriers are given in the table. Other experimental measurement relative to the monolayer WS2, 42 prove the existence of multiple PL peaks placed in a wide range of energy (1.4-1.6 eV). To modelize these experimental results, it is necessary to use a deep Gaussian potential trap in which free exciton is strongly spatially localized.
The confinement energies and the spacing of the energy levels are smaller compared to the binding energy and the spacing of the energy levels of the delocalized exciton.
Notice that the energy difference between the ground and the first excited states of delocalized exciton in monolayer WS2 (around 180 meV) is larger or comparable to the depth of the confinement potential of the localized excitons which is about 100
meV. This feature is in contrast to topical semiconductor quantum dot systems, where the confinement potential is much larger than the exciton binding energy. However, the remarkably feature of our results is the equidistance between the localized states.
This situation contradicts the experimental finding where the sharp emission peaks originate from localized excitons is characterized by an anharmonic spectrum.
However, the localized exciton energies vary due to different local potentials arising from disorder and impurities, which inhomogeneously broaden the optical linewidth.
In the following, we assume that inhomogeneity and anharmonicity will be related to disorder-induced band-tail states in monolayer tungsten dichalcogenide. 70 Because the perturbation introduced by disorder is not sufficient to produce a transition from the exciton 1s state to higher sates of the relative exciton motion ( 2 − 1 ) ≈ 0,18 , so only its center-of-mass motion is affected by disorder. 76, 77 The reliable model for the effective center of mass potential V(X,Y) is given in terms of a Gauss-distributed spatially-correlated random potential 78 Y) is a Gaussian. In the follow, we will use a Gauss correlated disorder potential which emphasizes more the random island structure.
Owing to the experimental data, we consider adequate parameters to reproduce the inhomogeneously broadened localized exciton emission. In Figure 7 (a), we show the lakes-and-hills inhomogeneous disorder potential landscape. The simulation parameters are 0 = 110 , N=500 and the length scale of the monolayer islands is fixed for = 45Å. The likes constitute the trap potential which confine the exciton center of mass motion. According to this profile, we plot in Figure 7 (b) the corresponding localized exciton PL in monolayer WS2 calculated as follows: calculations and shown to be in agreement with experimental measurements. 30, 31, 16 We proved evidence of trion formation with excess background carriers that can be resulting from the doping of the WS2 bulk crystal, with the photo-excited carriers and the photo-ionized carriers trapped on the donors. According to the 2D mass action law, we have shown that lower temperature and relatively higher excitation charge density favorite the formation of trion. These external parameters produce a balance between exciton and trion emission. Finally, we will confront the experimental measurement and by using adequate parameters our theoretical framework is suitable to modelize the disorder in layered tungsten dichalcogenides. Gaussian well containing localized excitons is embedded into the dielectric medium.
Figures captions
The height and the well radius of the Gaussian potential have been adjusted to give the best agreement with experiment. b) PL spectrum of monolayer WS2, the emission band is located at 1860-1815meV, it is about tens of meV below the free exciton peak.
For comparison, the PL spectrum of monolayer WSe2 is shown in the inset. The parameters used in these spectra are provided by our ab-initio DFT method except for WSe2 plotted in the inset. ref [30] ref [31] 
